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state transition table defines die next state of the encoder given 
die present state of die encoder and die input applied to die en- 
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feed-back shift register implementations, and with equal or bet- 
ter perfonnance dian *bptima)" shift register trellis coded with 
16 states or less. The cyclic trelUa codes for bodi AWQN and 
Rayleigh fading applications can be constnicted for any signal 
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CYCLIC TfiElUS CODED MODUUTIin 

Tte prrnnt hwirtion ntom to digital omminiMtiDn lystms, nuL h piiticular. to f oiward trror 
cometiM through traSs eodad modulation. 

5 ft^nweriBtinnnfthBRalatedArt 

In racont yoarj. much of tha lesaareh and davolopnwnt in tha eomrnmicaticM Muitry hat haen 
coneontrated In the araa of digHal rignal tranwiaiion. As ii »o!l known in tho art, digital signal 
transmission typicalv tawlw transmission of data with a earriar fraquancy. Tha carriar froquaney is 
modulatad by data so that a frnquoncy bandwidth b occupiad by tho transmittad signal Tha growing 

10 demand for aecass to data ami communication sarwcas hu placad a signHicent auain on tho avaHaUe 
bandwidth. Moroovor. thera is an over mcroasing damami for bicnasad data communication rates for the 
purpose of decreasing tha data transmission time. An incraesa of tho rata of the dete typn^ly results m 
an mcraasod bandwidth requirBm«t placing a further strain upon the a«ailabla bamhvidth for trensmission 
of signals. 

15 to an effort to incroase tha data rates without secrificing tho available bandwidth, a number of 

increasingly sopMsticatad coded modulation schemes have been devd^ For oiamph. quadrature amplitude 
madutotion (QAM) employs both amplitude and phase modulation h order to am»de more date within e given 
frequency bendwidth. Another moduletim. technique invohres multiple phase shih keying WPSK) to mcreese 
deta capacity within a ghran bandwkith. These high tevol modulation schemes ere very sonsitive to chomei 
20 enpeirmonts. Thet is, tha inf ormatton encoded by meens of such techniques is often tost during transmission 
due to noise. Reyleigh tadmg and other factors which are introduced over tho communicatton medum. 

b) order to compensate for the increesad sensitivity of these high bvol modulation schemes, varimis 
fomard emu correction coding technkiues ore emptoyet One such error codbtg technique is trellis coded 
moduletion. Trdis coded modulatton b desireble sinee it combtoes modulation and error coding operetions 
25 to provUe effective error control coding without secrifichg power and bamhvkWi efficiam:y. Furthermore, 
h has bean shown thet trellis coded modrietton schomas partoim signif cantly batter then their uncoded 
•quhrahmts whh the same power and bandwidth tfffciency. Treis codes have been developad f « many of 
the high-level Wgh-rate modutetion schemes, bichiding wettamwn B-PSK modulation and Square 18 0AM 
nndulation. However, designers of pest systems have not considored providing e technhiue of trefs codmg 
3D which eppfes to any phase endJor amplitude moduletion scheme, es weU es codes heving various constraint 
lengths, while providing optknel or neer optimol error performanca. 

Typfcaly, a new sat of "optimar treb codes must be found indhriduaBy for each modulation 
scheme. The -optimar trefs codes are typically fonwl thmogh algorithms thet seerch ol the possble treEs 
code stmcturos that have shnple feedback of faed-forward shift register knphmantattons. Even e sman 
35 chenge a. system parameters, such as code constraint length, mquies e seerch for en entoely new set of 
treis codn. 
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SumiMrY gf tin hiYWitipn 

Th8 prisM iDvnititii providts a systm ind cwthod for trelfo-codtd Riodulition tnd dmodulation 
of phast ind/or Mnpitudo mtdidttod tignib coni|ilyin| with varyng tiQaal rantoBitions and conitraint 
langtbs. whia yialdiRg optanum or nair optimum arror part amttnct. Tha cycb trail ancoding mathod of 
5 tha prasent hvantion can panarata i f amiy of trab codas whosa parformanca is battar than or aqual to so 
eabd "eptimar codas ganaratad by othar tRhniquas. Ganaraly, tha cycle trais codas do not hava a 
feed-forward or fned-back shift ragistar implementation. 

A mathod of cycle traKs ancading a data saQuanca within an ancodar is disclosad. The data 
saquance is to ba mapped accorting to a predatanniRed modulation schema having an associated signal 

10 constellation. Tha signal constalation has defnad coordinate points corresponding to phase and amplitude 
characteristics corresponding to output symbols from the encoder. The mathod comprises the step of defining 
an output table of output symbols. The output teUe has present state rows and input symbol cotumns. The 
output symbols are detemuned as a function of symbols nput to tha encoder and a present state of the 
encoder. The method of tin present hvention hirthar comprises the step of derning the output teble^ which 

15 further comprises tha substeps of sssignino sach of tha output symbols to the points of the signal 
consteiation; partitioning the points of the signal constelation nto a first subset of output symbols and a 
second subset of output symbols; loading even ones of the present state rows with output symbols from the 
first subset; and beding odd ones of the present state rows with output symbols from the second subset. 
The method further comprises tha step of defining a nazt-stata table of next statu for the encoder. The 

20 next-state table has presKit state rows and input syndral cokunnSr wherein the next states ere defined es 
a function of symbob input to tha encoder end a present stste of the encoder. The method further 
comprises the step of defining the nezt-stete look-up tabinr which further comprises the substeps of ioeding 
first ones of the present state rows with next states of the tncoder until at least one of the first present 
state rows is full and all of the next state vakias have been used; end loading other ones of the present 

25 stste rows witii next stotes that ere cycOcly shtfted from tin next states in eech of the first ones of the 
present state rows until all of the present state rows are filed. The method of the present invention further 
comprises the step of impbmeat'mg the output and next-state tables within the encoder so that output 
symbob from the encoder ere determined by input symbob to the encoder and the present stste of the 
encoder in eccordence witfi the output tabb, and transitioni from tha present state of the encoder to the 

30 next stete of the encoder ere performed in eccordence with the next-state tebb. Finally, the method 
comprbes the step of mapping the output symbob into signsb having phase end amplitude charecteristics 
corresponcEng to points on the signsl constellation. 

bi e preferred embodanent of the present inveotion, the coordinate points of the signal constelation 
are assigned output symbob accon&ng to natural mapping techniques when tiie predominant channel 

35 htarf erence b Addithre White Gaussian Nobe. 

b) another preferred embodiment the cooriEnate points of the signal constellation are essigned to 
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otitprt lymhols lecordino to Gray codmn tBctaiiquM whm 
fading. 

In anotlw Brijodtawrt of thi preMW iwBrtioiu 1 mrthod of eydic tt^ 
Mqmnn with m oncodv b dsdosti Tin input data sovionco b to ha mappad according to 1 
5 pradfltonniwd niodidatiDn ichomi toving in aawelatod «oniI conatri^ Tho lignal eonatalation ha» 
dafbwd cooniinm potots cairespondhg to phaaa and ampitBde charactorbtici of output symbols from the 
ancodar. Tha ancodir inaivai 0 hputi. carraqwndhig to T input valuai. and ootputi n*1 outpott 
Borwpondfeg to r' output MluM. Tha ancodor hat ? ponfcla atatai. Tho mothod of tha praant 
imrantion eompriias the steps of dsfinng an output table having ? present state rows and ? input symbol 
10 columns. whertB the mitpmsymbob from the encoder are deterrainad as a function of input 

encoder ami a present state of the encodsn defining the output taUe which further comprises the substqis 
of assigning vahies to tho poims of tho sigmri constehtion. whore tho values corrospomi to the output 
symbob; partitioninQ the signal consteBation into a first subset of ? output symbob emi a second subset 
of 2' wrtput syndnb, whore the fast subset ond second subset ere symmetric; toedng tven ones of the 
IS present state rows with vshies eorreipowling to output symbob from the first subset- end loading odd ones 
of the present stote rows whh vahies corresponding to output symbob from tho secomi subset. The method 
of the present invention further eomprfaes the step of defining a nert-itete tebto of a phiralty of nart states, 
where the nart-state taUe has 2' preseM state rows and 2" input symbol cohimns. The next stete of the 
encoder b determined u a fwjction of the input symbob to the encoder and the present stete of tho 
20 encoder. The step of defning the mnt-stete tabb further comprbes the substeps of dividing tha liext states 
imo r* subsets wheren each subset has 2* mxt states; and hading a first one of the present state rows 
with next stetes from a fast one of the subsets, a sacami one of the praseat state rmws whh the next 
atetes from e second one of the subsets, and comaumg thb loading until the yth present state rmv b 
baded with the mit stetes from the 2^ one of the subsets. The method of the present invention further 
25 comprises tha steps of anphmoming m output emI next^tete tebbs within tho encoder so thet output 
symbob from the encoder era determined es a f umrtmn of input symbob to tha encoder and the present stete 
of the encoder m eccordenca with the output tebb, emI trensitians from the present stete of the encoder 
to the next stsu of tha encoder are ai accordance with the next-stata tabb; and mapping tha output symbob 
from the encoder tato signab havrng phase and ampfitude characteristics corresponding to respecthro output 
30 lymbol pomts on the signal consteBation. 

to a preferred embodinent of the raventlon. the coordmate pomti of tiie signal consteltetion ere 
assigned output symbob according to netnrel mapping techniques when the predominant charami interference 
b Additive White Gaussnn Nobe. 

hi enother preferred ombodsnent of the mventon. the coordinate points of tho signel constelhtran 
35 are assigned output symbob according to Gray coding techniques when the predominent channel mterferonce 
b Rayleigh fadaig. 
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Undv nothtr asptct the presfnt invntion provides for a trsEi sncoihr which treBs tncodes input 
diti signalSr whmin the input date signab are mapped according to a nwdtdation schema such that a signal 
consteBetion defned by the modulation scheme cannot be sat pertitioned such thet each level of set 
pertitioning resrits in e substantiely increased ndnimuro EucGdean distance between pouts of the signri 
5 constelation. 

Another onbodiment of the present inventiori caBs for a tmsmitter for a treEs-coded, muhMevri 
moduletion communication system. The transmitter comprises a cyclic treis mcoder which receives a 
sequence of ihte input symbeU and ootpets e sequence of encoded output symbols. The cycle tri Es 
encoder has a set of present stetes partitioned into subsets. The racoder comprises e state transition teble 

10 conteininQ e pluraFity of next state vahies for the encoder. The next stete vabes ere defined based upon 
the present state of the encoder end the mput symbol The next state vahtes are assigned to each of the 
present stete subsets such that the next state values for any present state subset are shifted cycGcly for 
successive members of the eny present stats subset A presmt stete memory element connects to the state 
transitiim biok-up table and temporarily stores e next state yehie output by the state transhion look-up table. 

15 An encoder output look-up table connects^ to the prasant state memory elnnent which selects an output 
symbol based upon the present state of the encoder and the presently received one of the mput symbols. 
The present stetu end the output vahies are partitioned into two subsets so that the output hmk-up table 
outputs a syntbol which belongs to a first output subset when in one of the present state subsets and 
outputs a symbol which bebngs to i second output subset when m the other of the present state subsets. 

20 A signal mapper connects to the output bok-up table, end maps outputs of the encoder output look-up table 
hto encoded output signab from two symmstric signal constaletioBs. FmaDy, s transmitter circuit transmits 
the encoded output signab over a communications medhan. 

In e preferred emboifiment, the signal mapper maps accorifing to Gray coding techniques. In enother 
preferred emboifiment, the signal mapper maps according to natural mapping techniques. 

25 Undw another espect the epperatus of the present nventton comprises s receiver for e treEs-coded 

muhi-tavel modulation communicatkin system. The recehrer comprises e trelOs decoder which recehres a 
baseband signal The tre9b decoder comprises e means for rttonstructaig a treOis structure def vied by e 
stete trenshion look-up tsbto wherein a set of present stetes b partitioned nto subsets having successive 
members, and next stete vahies assigned to eeck of tiie present state subsets are shifted cycGcly for 

30 successhre members of the presem stats subset The treEs decoder further comprbes s means for 
determiiung input and output symbob essocisted with branches of the trelb structure es defined by an 
encoder output took-up tabta. The present states and the output vetues ere partitioned hto two subsets so 
that the output bok-up table outputs a symbol which bsbngs to a first output subset when n one of the 
present state subset^ and outputs s symbol which betongs to e second output sidiset when n the other of 

35 the present stete subsets. The decoder abo ncbdas a cabubtion crcuit whch determinas the Euclidean 
dbtances between posits on e phaselampitude coordinate system corresponding to Urn received signab and 
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prints If • phau/npituiii iional nntiOMioa CMinponding to lipnab nnditMl with branchn m th> 

tfrti itnieturfc FnOy, till II* d«tod«r eoinprlw I confwitar drc^ 

of tl» WMlwd lignil on tha tnBi ftn««w OB thi ta* of the dromiined Eneto^ 

In a f ufthBf offlbodtaont of thi pntont inwntlon, i mrthod is disclossd of f orw»d oiror comction 
5 codng for a dota aignal mappad accordini to a given signal eonstilation. The method cofflprbes the stops 
of defBi'ng a family ef eonvobtional codes. The femly of eomrolBtienal codai b characterized in that the 
famar of cedes ere not cepabia of hsing gsnereted by moans of a fwd-ferwerd or feed^eck shift register 
anplementatinL The step of defining further eomprbes ths substeps of estabisfafaig a neit stete vehie 
eorreipanding to eech prestnt-statelinpiit.wtae peb; osubGshing an ootpnt vehw correspomSng to each 
10 presont-slitafinput rthiB pair; leceiviRg an input dati symbol eorrespondins to in mput vahm; providing an 
output vahie ■ response to the reception of the biput vebe, wheirin the output vahm is dotemnned by the 
mput vatae ami the proaem stBtB vahia. md the present state wlue ii detormmed by the previous next state 
value; generating an output dau symbol wharebi the output symbol is detBrminBd by the output vehie; end 
encotfng a data signal to correspond to the output symbol es determined by e signal mopping scheme. 
IS bi accordence with e stl further espect of the present bivantmn. e method of encodmg signsis 

mapped accordng to eny sigael eonstellBtion format cmnpiisos the etms of tfviding the signel eonstetotion 
ponts into two symmetrical sets of syrtbol ponts. end eydc treis emndmg data to be mapped according 
to the signal censteBetion. 

Under a further aspect the present invwition comprises e data ancoder. the data encoder comprins 
20 e cycTic treffis mcodw and a transmitter coupled to the eydc trelbs encoder. 

Under e yet furAer espect. the present mvention comprises e treBs encoder thet may be 
■nplemented es a state macHne or a look-up table memory or ei software, but which cannot be implemented 
es 0 shift register, to om! embodiment, the cyclic trellis encoder is such es mit to Blow e f eed-f orwerd shift 
register inptanentetionJtecording to e further espect, the cyeBc trellis encoder is such es not to ellow e 
2S feed-back shift register enplementetion. 

bi yet e furthK embodiment the present bivention Is e data ncoder for use hi dote eommunicetion 
appication. whsrebi a phiraity of uiput data vahns ere treis encoded to forai output dote. The dote 
encoder comprises an hput end en encoder circuit coupled to the mput. The encoder eircuft has e phiraSty 
of present itetei. end is responswe te the phreSty of mput date values on the mput to trantition to a next 
30 stete. The nnrt stetes correspond to eech biput which b eycicly shifted for different ones of the present 
states. The encoder further comprises en output coupbd to the encoder circuiL The output b responswe 

to the encoder circuit to generete output data. 

A treOs encoder conitrueted bi eccordence with the teecMngs of the present mvention eon be 
adapted to traEs encode data to be napped for signal eonstoBatlons. The signel consteBetions can be set 
35 pertitioned such that eech bvel of set pertWoidng results bi substentiaBy increesed mmbnum Eucfidoen 
dbtence between ponts of the signal censteBetion. The tnBb encoder con else be edepted to treffis encode 
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data to bt mippsd for signal constaBationi whicb cannot ba aat partitionad such that aacb laval of tot 
partitioiiing results h substantialy incmaaad minimum Euddaan distancs batwaan points of tha signal 
constalation. 

Mrf Pwcriptfw itw Prtwhai 

5 Fvurat 1A and IB tra graphical raprasantatiaM of signal constoBations corraspondine to Square 

16 QAM and 16 Star QAM »gnab, respactivalif, 

Fvora 2A is an uampiary cosvolutiBnal ancodar drcurt 

Figure 2B b a atata tabia ducrbing tha oparetion of tha canvohitional ancodar of Figure 2A. 
Figure 3 is a trefii stata transition iBagram roprasanting tha oparetion of tha convohitbnal encoder 
10 circuit of Figure 2A. 

Figures 4A4C are 4-PSK signal canstelations which Bustrate the method used to determine treis 
path probabitias according to Eucidaan distances along a traOa diagram represented in Figure 4D. 
Figure 5 b s treSs set partitioning tree for e 4-PSK signel constellation. 
Figure 6 b a schematic representation of e traCs cotbig tree which grapUcaDy dapbts tha signal 
15 consteBatbn space for a conventionally encoded Square 16 QAM signal consteBatbn at each tavel of treis 
coding. 

Figure 7 b a schemetic representation of a tref s coifing tree which graphicaly depbts the ngnal 
consteBatbn space fw a 16 Star QAM signal consteSation at each kvel of treltb coding in accordance with 
the method of the presmt invention. 
20 Rgure 8 b a simprif iad Uock diagram of a w'irabss communbation system whbb onpbys qrcBc 

tralb error enrading. 

Figure 9 depicts a singb tavel set partitioning of an B^K signal constalation coded by natural 
ceding techniques. 

FQure 10 depcts a 16 state, rata Zf3 encoder output bokHip tabta for any B level modufation 
25 schema in AWGN environment whbh defnas the encoder output vataa given the present stata of the encoder 
and the input appiad to tha encoder. 

Figure 11 depbts a sngta tavel set partitbning of an 8-PSK signal consteBatbn coded by Gray 
coding tecfaniques. 

Figure 12 depbts a 16 state, rete 2/3 encode output look-op tabta for any 8 tavel modutatbn 
30 schma m Raybigh fading enviro nme nt whbh defines the encoder output value ghren the present state of 
tiie encoder and die input appBed to the encoder. 

Figure 13 depbts a 16 state trenshbn tabta for any 8 tavel modutation scheme whbh defines the 
next state of the encoder ghren the present state of the encoder and the input to the encoder. 

Fqure 14 depbts a smgta tavel set partitionng of a 16 Star QAM signal eonstaUation coded by 
35 natural ceding. 

Figure 15 depbts e 16 stote« rate 314 encoder output bok-up tabta for eny 16 tavel modutatbn 
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lehMM h AWGM tnwomie« wWch dBfinM tht Mcoder output »alJ8 B^^^ 

md tha inptit ippbd to tte eacodai. 

Rgura 18 dspictt a Aigh toMi tst pirtitionini of • 16 Star 0AM aignal constBlatioR codod by Groy 

coding iflchniqnai. 

5 RBiiro17dopjctianancodaroutputlookM»tablBforany leievalmodulittascl^ 

fading anmnmant which dafinas tha ancodar autput vahia givaa the prasant ttata of tha ancoder and tha 

input appGad to the oneodai. 

ngure IB dapicu a itata traniition table for any 16 level nndulatian icfaeme which defines the neit 
state of the encoder giyeD the preiew itate of tha encoder end the input to tha encoder. 
,Q Rgore 19 depicts an encoder output look up ubie in gonarefaed form which defines the encoder 

output vahn ghron the present siete of the enceder end the in|iut eppied to the encoder for eny signal 
consteBation end eny cede constraint length, for eppications in AWGM enwonraent 

Figores 20A-20C depict a state transhion tahta n generaized form which dafews the next stete of 
the encoder given tha prasant state of the encoder end the input to the encoder for eny eigne! constellation 

15 and eny code constraint length. 

Figure 21 is a schainetic block diegram which shows the mein strueturel and functional elements 
of e cycBc tmis encoder constructed n eceordenee with the teachings of the present invention. 

Figure 22 depicts a state transhion table for eny B level modulation schema which may be osed 

to evbld cetastrophic codes. 

20 ^fSha DBserintifp tha Invention 

Fqures 1A and IB graphicaBy depict signal censteUations for e Squere 16 QAM scheme end e 16 
Star QAM scheme, respectively. The signal consteBetinns depicted in Figures 1A end IB era merely for 
exemplary purposes to ihistrata diWerent aignal constellation fomats such as may ba commonly used in the 
ert The signal constelletions depicted n Figures 1 A and IB ere represented in peter coorAiate form wherein 

25 each poiit of the eigne! censteBetiDns represents the daterminete phess end the ampftude of an Mormatien 
symbol For eiempta, e point labekid "Q" in Figure IB correspomis to e signal having an amplitude defned 
as 1 and a phase of 45». while e potat hAeted "P" in Figure IB corresponds to e signal havng en amplitude 
defined es 2 which has a phase of BO". For thb particular 16 Star QAM cmsteBatien, the amor ring of 
signel points are enpStude vehie 1 pohte end the outer ring of signal points are empBtude vahn 2 pomts. 

30 Signal consteDatimjs are a convenient way to graphlcrty depict the Wnary data encoded by means 

of various phase and ampBlude modulation schemes. For exemple, as shown in Figures lA end IB. there 
is a 4-hh binary word rsymboP) assaciatad wKh each pokit on tha 16f omt signal constaBations. This 
means that a detector is configured to assign a spadfied data word for a detected signal hevmg e given 
ampGtuda and phase. Thus, for exempb. ui the 18 Ster QAM constellation of Figure IB. when a detector 

35 (or decoder) detects a signal which has an ampGiuda ctosest to 1, and which has a phasa closest to 45«, 
tha datectar wll assign tha dete word 0011 Idecana! 3) ta that aignal SknBarly, whan a detector detects 
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a signal wMcb has m tmpitinii ctasast to t and which has a phan dosast to BO^, tha fbtactor wBI assign 
the data wofd D1D1 (ilacanal 5) to that sipaL Tha data assignniants in Figorti 1A ml IB are merely 
txampiary. Other aasi gnrna n ts are possfcla^ m wi be apparent f rum the discossfcn halow. 

To minimize the effects of eddithre whhe Gaussian noise (AWSN) as wel es tha effects of Raybvh 
5 fading and ether channel impaimiBnts, one or more error encoding techniques are used hi ordv to provide 
for accurate transmission and detection of data, espectaly vvhan very Ugh level modidatton schemes are 
tmployad. 

THH1I5-C0DED MODULATION 

TreEs-codad modulation b a forward error correction coding technique which is also well known 
10 ui the art Trelb codes are convohitional codas that are designed and optimized according to e spaciTtc 
modulation scheme. A convohitional encoder encodes information symbob based upon the present input 
symbol and tha stite of the encoder. The present state of the encoder is toomined by the symbob which 
previously mtered the encoder. That b. the encoded symbol b a f unctnn of the present input symbol and 
. abo symbob that entered the encoder before the presant input symbol Thus, a convohitional encoder has 
15 memory. 

Convoktttonel codes ere typicaly anpbmented by ahif t ragbtere end summers. The next state and 
the output of the encoder are functions of the present stste of the regbter or bolt-up tebb fie., the value 
of the bits presently stored within the register or bok-up taUe memory), and the input to the regbter or 
bok-up table. 

20 Figure 2A and tha accompanying tabta 230 shown in Figure 2B lustrate an exemplary emboi&nent 

of B convohitional encoder 200 impbmented by means of shift ragbters, and tha corresponding stete tabto. 
The encoder 200 b sinply shown here in order to lustrete the operation and hnpbmentation of a 
convohitional encoder, end b not to be construed es en impbmentetbn of the troDb encoder used h 
accordance with the presant inventioa. The encoder 200 hchidas shift regbter mmory units 205. 210, 21 5, 

25 ts wel as summers 220, 225. A one-bit input b encoded into a two^rt output to provUe rate 1/2 encoding. 

Assuminp an nitiai state of 000 (Le., the regbter units 205, 210, 215 contain bit values of 0, 0, 
0, respectively), end en input vahie of 0, the next state of the encoder 200 b 000 (e zero bh vehie shifts 
in whita e zero value shifts out). Consequently, die vahie of the two bits et the output b 00. Thb b 
represented in the first bie af the stete tebb 230 n Figure 2B. Note, however, tiiet tiie present and next 

30 state cokunns only indicste two-bh vahies since the bst stete bit b always shifted out and b not signifbant 
ta determining the next state. Thus, when mov'mg from state to stete, the encoder 200 cen be considered 
to have four poss9rie presant stetes end four possibb next stetes, each two-bit vahies. As another exampb, 
assume the encoder 200 to be in the present state 10 (i:e., the first two regbters contein 1,0). An input 
of 1 wi move ti» encoder 200 to e next state of 11 fi,s^ tits first two regbters contein U) and genarete 

35 en output of 01 (decimel U Thb process b reputed as eech auccasshre bh enters the encoder 200 so that 
e state dbgram can be constructed which shows the posskb sute transitions of tiie encoder 200 with the 
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Bccoovanying inptf and outpm viinu whicb camsiHmd to thoM tra 

F«um 3 is ■ itM tmsitioo dngrm which MiW 
200 of FiBuro 1 ilonB with tho input ind outpnt vobes corroiponfnB to tho poidilo troniitioiii Bocauw 
tho stito triMition diagrani rosamUBS a traib in f onn. audi (fiagrans ara cftan cabd tralEs diaorams, hance 

5 thanma'ueiicodno.* Each dot on tho trab diipram of Figiim 3 lapraaanta a tttta af tha ancoder 20a 
Dots in tho aaaia borimital row eomapoodto tho soma stata at tifforont timot. Dots in tho samo vortical 
columi roprosont difforont stotos ot tho laino tinw (Lo.. within tha duration of tba tame tyroboD. Branchas 
batwaon tha dots roprasant posaibia atata trantitioB paths. Thus, for oiamplo. tboro b o bronch botwoon 
the itato 01 and tha state 00 wUeh indicatu that, gwan the appropriate Input, tho oneodor 200 could go 

10 from stoto 01 to state 00. Since there is no branch batwean states 01 and 11. nor is there a branch 
between the stetes 01 and 01. it is not poss3)lo for the encoder 200 to go from state 01 to oHher of the 
states 11 or 01 within one symbol durstien. 

The number par atang each of tho bram:hes deiNCted in Figure 3 indicete tha Dnpnt. output] vafans 
which correspond to e given brench. Tho first number reprosenu the input which causes the transitiDn. while 

15 tha secoiul number represents the output velue rosultont upon this transitian. 

As seen from the trois diagram of Figure 3. the poisible stoto tronsitiDns for the encoder 200 ore 
tho seme for oech successive symbol Thus, tho same pottom rapeots ovsr end over ogain for each symbol 
duration. 

As on exemple, assume the encoder 200 begins in the state 0 (binery 00). represented by e dot 

20 300 m Hgure 1 Upon appGcation of en nput vohie 1 to the encoder 20a the encoder 200 goes from stste 
0 to sUte 2 (btaary 10), represented by • dot 320. via a path 310. Upon coinplation ef the transition, the 
oncodn 200 outputt e vahw 3 (binary 11). If tho vahie of the next bH eppied to the mput is 0. then the 
encoder 200 transitions from state 2 to stete 1. roprosentod by e dot 340. via a path 33a whie the output 
of the encoder 200 assumes a value of 1 Fnally, upon appication of an nput bit of 0. tha oncoder 200 

25 moves from the stott 1 to the stoto 0. represented by e dot 360. via a path 350. Upon ontermg the stete 
0. the oncoder 200 outputs e vetae 1 Thus. ■ the foregoing example, input bits 1-0-0 are encoded by the 
encoder 200 into output bits 1110 H, or 3-2-3 ta dedmoL At the same time, the oncoder 200 hes 
trenshiomd from the stete 0 to the stata 2, to the atate 1. and back to the stete 0. 
Matimuin Likethoml Vitwhi Decodimi 

30 As further eiplafaied batow. canvohitionai encoding (and Viterbi decoding) providet for o reduced 

number of detected errors at tha receiver. Cmsidar again the trolTis diagrom of figure 3. For osampla. 
Bssome that a three^lit data stream 1-0-0 is praporly emaded os 1 MO-1 1 by the oncmter 200 es described 
above. Abo suppose that the rocwvar detects tho transmittadsignel erroneously os 11-11-11. border to 
deteimino whot the oiigind trensmitted data b. tho decodr performs o maiimom ftelihood decison bosed 

35 upon tho possible stete troosition paths whkh the encoder 200 might heve token. S'aice the encoder b 
typicoBy set to state 0 at initiarization. the decoder essnmss that the detected sequence of data bits begen 
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in statt 0. Tte dacodar thtn wninn of ttit Mtte wbcb btgan at stata 0 ami wminaia at a state 
thne symbols latsr as daptctad h Figura 3 far thi purpasa of Bustration. For mstanca* for an anding piAit 
at tha stata 0, at tlia point 3B(L there aia two posside paths which tba sncoder may have taican: the path 
310, 330, 350, or tha path 370, 380, 390. Of course, el tha other paths of three symbol doration are elso 
5 examinad to detenrine tha ikaEhood that the detected bit SM|oence f oltowed these possailB paths, but for 
the sake of simpicity af Iktstration, only the paths from state 0 to stats 0 are eonsidared here. 

bi ardar to idaatify the most Hcaly path, the decoder detarminas tha probabity that the detectad 
data saquance wu producad by the first path teg., the path 310, 330, 350), tha probabity that the 
detectad date saquanca was penaretad by tha ucand path (a.g., the path 370, 380, 390), and so on untD 
10 a probaUBty has bnn calculated for each posside path. The path heving the highost pnAabilrty is then 
selttted u tha actual peth according to aither hard or soft decision methods described m greater detaB 
behiw. 

TypicaDy, traDis decoding techriques calculate path probabiEtas based upon eithar Hamming or 
Eucf dean ifistances between the detectad signal and the signals ganerated by the possble tralfis paths, bi 
1 5 accordance with tha teachings of the prasent invantnn, EucUean dotancas ara used u tha measure of peth 
probebitty, u discussad in greater detai bebw. However, in order to provide e deerar understanifaig of the 
method of detwminng the probabiBty af a poubia tralis path, a brief discuswin of Hammbig distance is ebo 
provided, 

Hamndno Distance (Hard Decision Decodmo) 

20 Hamming distance is defined as the number of bits by which two binvy sequences differ. For 

example, the hamndng distance between the Unary words 1 1D and 101 is two, whie ttm hanmung distance 
between tfw binary words 111 end Oil is one, etc. Bas«l upon a Hammtng distanca avahiation of the 
possible paths, the probabity that a ghren path has generated a detected date sequence can be determbied 
as fobws. Assummg, as stated above, that the detected date sequence is 1MM1 (with s proper data 

25 sequence of IMO-II), and the possble paths era tha paths 310, 330, 350 and 370, 380, 390, the 
Hamming distance between the detected signal 1MM1 and the peth 310, 330, 350 is 1. That is, because 
the path 310 generates en output of 3 (llh the peth 330 generates an output of 2 (10), end the path 350 
generates en output of 3 (11), the binary sequence generetadby the path 310, 330, 350 is 11-10-11. This 
sequence differs from the detected sequence 1 M 1-11 by e Hemmmg cEstence of 1. The Hemmmg distance 

30 between the detected signal 11-11-11 and the signal genarated by the path 370, 380. 390 b 6 since the 
path 370. 380, 390 resulU in an output bhary sequence of 00-00-00. Thus, it is much more ikely that the 
detected sequence 1MM1 wss genereted by the path 310, 330, 350, than by the peth 370« 380, 390. 
Therefore, it is more ikely thet the sequence of taput bits is 1-0-0. 
^p^pn PfftpfiCT ffpft Petijipn Pff Qffffl) 

35 Another measure of the probebihy that a ghren peth hu generated a binary sequence b based upon 

Eocfidean dbtance. Eucidaaa iBstanca b the bngth of e streight fine between points on a signal 
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constelation. In gmral probibfty nNMuru baud upon Eucidsiii fiitannt tihibft bamr lecun^ 
prababity mraiaras band upon Haiming dittmu. This b bacaosi probabffity measuramanti bmd upon 
Encidaan dittanca taka into aecaimt Ibe racaived rignil pbau and ampftuda infonnation which b discardgd 
whan usng Harnntag dbtanea as a prababity motric For oxmpla, Figvat 4A-40 lutrate a tanpb 

5 HMdulatian tigiil constaiation having four dafinad pointi 400. 410, 420, 430 aquidbtant from tha arigb and 
camipondino to outpnt vahiss 00. 01, 10, nd It. raspoctivaly. Supposa a taquanca of raesbad data 
lymbob ara detacted to hava pbaia and anplituda vaiuat wMeh an reprssantad by tha vectors r1-r3 in 
Fvnras 4A-4C Usbig eonvontionri Hanantag dacoding tachniqoas. tha vactors rl-rS woidd shnply be 
approxbnatad as tha data poiiu 00, 10, and 00. nspactivaly. so that vabaUe phase and ampftude 

10 information b lost about the actually detacted signal sequence, fai accordance with Euclidean techniques, 
however, the phase end ampBtude of the lecahrad signel ere factored into the datemnnation of the path 
probabity. 

As shown n Figiirs 40, the probabity that the detacted signal has been generated by the trelfis 
peth rqiresented by the dashed bn 450 b a decreesing functbn of the sum of the squares of the Euclidean 

15 dbtBncesd01,dOZ end d03 (depicted n Figures 4Am«rtiib tha probsbilitY that the detected s^^^ 

been ganereted by the trelGs path represented by the dedwd/dotted ine 470 b a function of the sum of the 
squares of the Biddeaa dbtsnces d3t, d22, end d31 The greeter the sum of the sqneres of the Eucifian 
dbtances elong e given path, the hss ftahr that path b to be the one which generated the detected signal 
sequence, bi thb manner, a mora accvete estimation of the trenanitted dete sequence cen be obteined. 

20 It should be ondarstood. of course, thet as the number of points in the signal consteOetian (i.e.. the 

number of possbta oatput vahns} and tha number of stetes to the treis mcoder uicreese. the mmiber of 
possibta traffis paths bicreases as weL Thus, for examph. a rata 3M trails encoder which operotes in 
conjunction with e 18 point consteOatien wl have 8 possibb branches merging into and dberging out of each 
state (represented by a point) on the treffis state transition dbgram. In these systems, the probahifity 

25 associated with each juth merging into a state point b dataranned. Once these probebitHs have been 
compared, tha path with tha highest probefaity b detamnnrt and the corresponding dots bits in that path 
ara sabcted as tha decoded sequences. 
pinck and Symbnt-Bv-Symbol P ecBdino Methods 

The sebctbn of a given path may be made n eccordance with bbck or symbol-by sYmbol dscbbn 

30 methods, ta the casa of • btaek dedrion. a predetermined number of received signals forming a set (ej, 
1.000 symbob) ara fed hto the decoder. The decoder then starts wfth the first signal and constructs a 
trelb with assodated metrics and path bbtories for the whob eet of 1.000 symbob. The ttellis trenshion 
peth thet b most probaUe b then ubcted es the path which ganereted the detected symbob. The dete 
biput whbh wouU hove gMoratsd thb path b than detatnAiad as the decoded data sequence. Absent any 

35 uncorrected errors, thb data saquenea should correspond to the data ssquonce fed bito the encoder on the 
transmlttar side ef tha communication system. The process b than repeated with tha next bbck of symbob. 
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and so on. 

For symboUy-symbol docisiont, i prtdatomirad numbtr of mcohrod signib an fod hto tho docodor. 
For ixmpio, ossumo 25 tipnilt are fad into tha dacodar. Onca tht 2Bth aymbol ii anterad, tha treis 
dacodar datarminas vrhat path was mast probaUo. Tha input symbol which wouU hava ganaratad the first 
5 kranch of tha most probabta path is than salectad as tha oatjiiit of tho dacodar. Tha nait (e^g., tha 26th) 
racahrad dgaal b than fad tato tha dacodor and anothar datarmination is mada of tho mast probabia path for 
tho last 25 symbob (La^ aichdinp tha first symboQ. Tho input symbol which wouU hava genarated tha first 
branch of tha most prsbabb psth (ik tho path for tha most racantly dotscted 25 symbob) b than sabcted 
as tha nait output of tha decodar. Thb proeaduro b carrbd on symbol-by-symbol in raal timo so that only 

10 ono symbol at a tima b dacoded for output as opposad to an antko block of data at a t'ma. 
Mayimirino facBdaan Dbtanee in Trails Codiroi 

Gottfried Ungorboeck, ai a paper ontitbd 'Channel Codbg with Hultibvel/Phasa Signds/ pubEshed 
January. 1982 n lEE TRANSACTIONS ON INFORMATION THEORY, Vol IT-28, No. 1, and herein 
mcorporated by rafaranca, argued that arrar perf ormanca of convohitional codas could be inproved if designed 

15 by maximinng the Eucidaan dbtsncas between trelb paths which merge mto and out of the same sute. 
Thb b accompkshad by taSoring the cenvokitbnal co&ig scheme to the signal consteOetbn of a given 
modutation technique so that the operations of error coding and modutation are essentbly combmel 

Take as a simpta exampb a 4-PSK signal consteBstbn u shown n Figure 5. Tha possibto outputs 
of the treEs encader en the transmitter side are represented es four points which are phase shifted from 

20 one another by phase differences af 80*. bi any trdb codbg schnna the possibb output vehies, as 

raprasantad m tha signal coosteBatbn, as wel as the statu af the trelb decoder ere both consderel bi 
order to provide the maximum dbtinctbn between encoded signab, sa as to albw for more eccurate 
decoding, it b advantageous to assure that transitions to and from the same stete differ greatly in their 
output vehms (in terms of their Eucfidean (Estances). For exempb, the treDb dbgram of Figure 3, which mey, 

25 lor exampb, dsscrlia state transitions for the 4-PSK signal constelbtion of Figure 5, has the branches 370, 
310 divaryhg from the same stete point 300. Note that the output vakia for the stete trensition branch 
310 b 3, and tha output vatue for the state transition branch 370 b 0. In accordance with the Ungerboeck 
teachmg, these two output vabes differ by the maximum EucBdeen dbtanee |i.e., e Eucideen dbtence of 
A«2 u represented m Figure 5). bi e siniar way, state transitnns resulting m the same output vabes are 

30 assigned as transitkms between two different ststes. Note, for instance, tbst the transition path 31 0 which 
results n an output vahie of 3 edvencat frimi state 00 to state 10, whita e transhbn path 395 which abo 
results in en output vahia of 3, advances from state 01 to state 00. The Ungerboeck method thus assures 
good dbcrinrinetion between the encoded data signab. 

Tha most common method of trelb encoding m eccordance with UoQerboeck's teachmgs b set 

35 parthkmmg, of which e sanpb uampta b shown m Figure 5. By partitioning die orignal 4-PSK signal mto 
two sets af diametricaly opposad 2-^ signab based upon the state of the trelSs encoder, the maximum 
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farM ff" disttnet can be nntuMd b«wwi outputs mirging into or dhnrgiiB out of the same itete. Such 
set parthionino diaorms are ceimonly referred to as trais coding tresi. 

Hgore 6 oraphiealy reprosentt i treis coding tree for sat partitioning a moie eompfcitad Square 
16 QAM signal eoastelatiOB by thiUngerboeclr method, which is wellmown in the art. As shown in figure 
S 8, e convlei signal censtalation is farobn op into sflbsets. It b e requirenmit of Ungaiboeclt's sat 
partitiening method thet the minimum EueMean distenas muwred between any of the pointi on the subset 
consteOations exceed the minkraan EucEdoan distance between points on the constellation from which the 
subsets sre derini Thus, for eisnvh, es shown in figure B, the minimum Eucfidsan distenea between eny 
two points on the ortginel constsOstion at the top of the treffis coding tree is less than the minimum 
10 Euelideen distance between any points of the constoiationAown in subset! B, or B,. In Bke feshfan. the 
ninimnn Eucideen distences between eny two pointt on the constoletion subsets C, end C, is grutor than 
the mintnum Euclidean distence between eny two points n the subset B» end so on. As detailed above, 
en -ncraased minemmi Euddean dtstance between any two points in a signal constellrttan insures that the 
probabifity of mistaking sindlar encoder output sequences is minimiiet The error performance of the coded 
15 scheme is e function of the nminmn Euclidean distance between any two given paths. To reduce the 
pmbabity of error, the naninium EucEdaan distance must be increased. 
ngfieiittv nf Set Pp rtitinninii Cilain Sinnal Conttelaiiont 

UnEke the Squere IB 0AM signal consteBatien, tbs 16 Ster QAM signal constoletion does not allow 
for division kite subsets such thet the minimum EucDdean distance between po'nts mcreesei significantly for 
20 each bvel of pertitiming. figure 7 Bustretes the diffculty of set pertitionaig the 16 Ster QAM signal 
censtenatkin. For the list level of set perthaning there is mi dHficulty: the consteBation dwides 
symmetrically, end the mniimnm Euclidean distance batwsan the point on the first subset is considerably 
greater then the minimum EucGdean distance between the posits on the originel constelation. However, et 
the second tevel of set partitionino. the minkraim Euefidean distances are substanthBy the same as et the 
25 fest level of set pertitkwkig. Due to this cherecteristic of the 18 Ster QAM signel consteBetton. it hes been 
thmight thet it is not possible to effectively trelb code a IB Star QAM signal using eonventnnsi Ungerboeck 
eoding tecfaniquei 

The present ewention inchides s spedaly designed treBs encoder/decoder whhbi e tranamtJreceive 
commtnicatkins system which solves tha problems essodstsd with the set perthionng of the 16 Ster QAM 
30 consteBetkm. The encoder/decoder ii constructed to encode eccordiig to sn imrontwe method celled cycle 
trefiis coding which has been found to work edventsgeousiy for signal crniiteUatkms such as 16 Star QAM 
or eny erbitrery signd consteBetton. Cycle troBis coding is desaiiBd m detail betow. 
nrCttC TRELLIS CODINS 

Cycle treis codng to aeeordencs with the present toventton nvohres e method of error encoding 
35 which may be adapted to the 18 Star QAM signal consteBetton. to edditton. cydc treEs codtog accordng 
to the present toventton can be appled to modulattoa schsmes with eny signal constelation that can ha 
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partitioMd into two symnetrc sitbM^ Mortom, h hat boon vtrifisd that orror ptrforminco of • 
isinB cyclic trriis coftig, tofothr with a 16 Iml modubtioo schara, s as good or bottar than tystanu 
•mplaying tha pravioisir ttsad UoBarboack codas for trtis ancodirs hamo up to 16 statas. 

Tha main critarii for tho dasign of cycEc trris codas is ta maximba tka (Bstanca batwaan tha 
5 output aipnab on tha branchas of a trafs margino bita or out of tho soma stata, and to have a raoular code 
stnteturo so that codu of fsryini constraint lanpth and modulatioa can ba constructod without axtanstva 
searches. The cyeEc tralb codu have very pradictabb and raguhr disUnca profHas. Cycfic trellis codes 
are also systamatic codas. That it, tha first n biti of tho n^1-bh encoded output symbol are idant^ to 
the corresponding n-bh symbol faiput bito the encodr. 

10 Simprrfted CvcBc Tralis Codinn Cprnmunicatinn Svitwn 

Figure 8 depictt a simpGfied bloclE diagram showing the man functional elements of a 
communication system 800 which employs cyeic tnOb coding in accordance with the teachings of the 
prasant aivention. As wi be appracisted by those of ordiniry ski in the art the system NO depicted m 
Figure 8 n highly simpfified and does not show bbck intarlaanng elements, aynchronization msertion and 

15 detection elememi; filtering elements, and ether elements which are typically assocated with digital 
communication systemi Tha system 800 hchtdes a cycle treflis encoder 810 which couples to a transnutter 
830. The transmitter 830 trensmits radio frequency {RF) signals over an antennt 840. The RF sqnals are 
is recahred via a communication channel by an entenna 850 which passes the signals to a raceiver 860. The 
raceivar connects to e cycic treis decoder 870. 

20 bi operation, tha cycle treis coding system 600 recaivas data which is to be encoded. The deta 

b then cycfidy encoded within the mcoder 810 acconfing to the method descrbed with reference to Figures 
13-15 betow. Onca tha data has been encoded, the encoder 610 then maps the encoded data faito the 
appropriata signal consteBatton by ntroducing the appropriate phase and ampltude variations n the signal 
to ancoda tha signal accvding to a particular modulation scheme |e.g., O-PSK, 16 Star QAM, ate). Once 

25 the signal is mapped, the signal is communicated to the trensmitter 830, which trensmiu the signal over the 
communication channel via the entenna 840. The antenna 850 receives the signat the recmr 860 detects 
the signal on the carrier and outputs the detected signal at tha baseband level Finely, the cyclic trellis 
decoder 870 dacodas tha rnohred basabend siipial and outputs dau corraspomrmg to tha dau input at the 
transndttar side. 

30 Methmf of Cvefe Treis Encodmo 

To cycle trelii ancoda a signal u accordance with the present invention, tha signal constelation 
is rrst partitionad mto two sets. This is the same as dividing tha possible outputs of the encoder into two 
sets of output values. The sets nite which the output symbob are partitioned depend upon the particular 
mapping scheme. The mapping scheme which b used depmds upon the partbular appGcatnn of the 

35 communication system. For eppOcations hvohring mobia radio communications characterized by Rician or 
Rayblgh fading, the signal mapping, and hence the set partitionmg, b performad according to Gray coding. 
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For winlim appicatiom, or my other appGcations, where the prinwY cheimel enpeumsnt b that of AW6N, 
the sgnal mapping, and kance the set parthionmo. ii perfonned according to natural mappaig. 

The possble states of the encoder are ebo divided into e nnmfaer of eats. Tin output and state 
partitkmaig is most raadiy laprannted m taUe form. Because a trais code is entirely detemiiiwd by five 

5 factors fca, the input, the presaat state, die aait state, the output, end the signal mapping) a tralis code 
can be whoBy represented by two tehles, end a signal mapper. The first table roprosents the encoder output 
as a functum of the present state of the encoder end the bipnt eppied to the encoder. The second table 
rapresantt tho leit state of the encoder as a function of tiw present stete of the encoder and the input 
appTied to the encoder. The sigosl mspper determines the ceordhietes of the output symbob in tiie signal 

10 constellation. For the uke of etority, beceuse the method of eycfic trellis coding b somewhet unhrersal. the 
folewing description proceeds induethtely with the prasentetion of specKic eiemptos f oOowad by s summery 
of the universal method of tiie present inventbn. 
IB Stati Cvcfie T mlh Coda fnr frPSK Sinnali in AWGN 

Rpiire 9 depicts a one bvel partitioned B-PSK signel consteletion witii natural mapping for AW6N 

15 appfications. As stated ebove, eppTications wharain AWBN b the primary chemel impaimifint require that 
the output tebta ba Mmi n eccordance with a naturely mapped signal consteBation. In neturel mapp'mg 
a reference pomt b chosen on tiie «gnal consteBetion and it b assigned to symbol 0. The remeining signab 
are then numbered consecutively around the constellation. 

The teblas shown m Figures 10 and 13 define die rate 2/3, l&itate cyclic treBs code for 8-PSK 

20 signab hi AWGN. A ganeraized versmn of such an encoder b shown betow. and dasciibed in detaD with 
reference to Figue 21. Figure 10 depbtt en encoder output toolcHip tebto whbh defines die encoder output 
vahie given the present stete of the encoder and die inpat eppied to die encoder. Figure 13 depicts a 
neit stete bokmp teble which defines die next stete of die encoder gfaren the presmt state of die encoder 
and the input eppfied to die encodw. Sinca. in die present exeropb. die encoder b a rate 2/3 encoder there 

25 are two input hits and tiirae output bits eoiresponding to four posdb mput vehies end «ght possibb output 
vahies es depcted bi Rgure ID. Thus, for exempb, when en input of 2 Ibinery 10) b epplbd to e cyclic 
treOb encoder presendy in die stete 9 Ibineiy 1001L die encoder outputs e vahie of 5 (bmary 1011 That 
b to say, die encoder encodes die output symbol such diet die symbol b mapped onto the point having a 
vahie of 5 on the naturei-coded 8-PSK signal canstelbtbn. Once die symbol comsponding to e velue of 5 

30 b output from die encoder, the encoder movu from dn atata 8 ta the stete 4, es represented in die tebb 
of Figure 11 

As stoted ebove, the cyclic troBb encoAig mediod of the present invention b used to encode 
signab as dsfmad by die teblas shown in figures 10 and 13. First, the possibte output vahies of die 
encoder ere partitioned into two sets whereto die first set comprises aB of die output vahies of die subset 
35 A (see Figure 9), end the second set comprisas ei of tin output velues of die subset B (Figure 9). Thus, 
BI accordance with natural napping, dn first set comprisas a af dn even output vahies and the second set 
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comprisu al of tb0 oU output vitaes. For nch om prisont itott vibe, an ovon output vakit is gomratid 
upon an>lcatiOQ of in input valua, nch that input valiai in ascanding onlar Cj^ 0, 1» 2, 3) JimantB avan 
output valuot in ascamTng order Tlo^ d 2, 4, Q. In fta farfnon, far aacb odd pmant state value, an odd 
output value ii leneratad upon appfcatioB of an Input vakiOi such that input values n ascandino order (Le^ 
5 Ot 1, Zr 3) geaerata add output vatan in ascandina order (ij^ 1, 3, 5, 7). This form carries throuBh each 
of the present state vahies. as repraseatad in Rgora 10. 
IB State Cvdic Trefe Coda far ft-PSK Skmats In Ravirtah Fadtno 

Hpura 11 depicu e one lavei partitianad a«nal consteBation with 6ray-coded mapping for 
Raylaioh fading appications. As stated ebove. for wireless communicetions eppfcations, the mapping scheme 

10 is that of Grey coding. As is wel Imown m the art, Bray coding is a method whereby signal coRstaHation 
poinu are assigned bmary data vahias such that the Euclidean distances between points in adjacent signal 
constellations correspond to e Hamming distance of one. 

The tables shown in Figures 12 end 13 define the rate 2/3. IB-state cycGc tr^ code for 8-PSK 
aigneb in Rayhigh fading. Figure 12 depicts en encoder output look-up table which defines the encoder 

15 output value ghren the present state of the encoder and the uput eppSed to the encoder. Since, in the 
present eiemple, the encoder is e rate 2/3 encoder there are two biput bits end three output bits 
corresponding to four posrible input vaktes and eight possible output vahtes as depicted in Figure 1Z Thus« 
for exan^le, when an input of 2 (binary 10) b appfied to a cycGc trellis encoder presently in the state 9 
(bmery 1001), the encoder outputs a vabe of 4 (binary 100). That b to say, the encoder encodes the 

20 output symbol such that the symbol b mapped onto the pomt having a vahie of 4 on the Grey-coded 8-PSK 
signal constelation. Once the symbol corresponding to e vahta of 4 b output from the encoder, the encoder 
moves from the stete B to the stete 4, u represented ki the tahb af Figure 13. 

As stated above, the cydc treDs encodmg method of the pnsent kivention b used to mode 
signds as defBiad by the tabbs shown m Hgurts 12 and 13. Rrst, the possiito output vahies of the 

25 encoder ere partithined into two sets wharnn the first set comprises bB of the output vibes of the subset 
, A (see Figure 11), end the second set comprises eD of the output vahras of the subset B (Figure 1 1). Thus, 
for even present stetes fue., 0, 2, 4, ^14), ii eccordance with Gray-coded mappmg, an output vahie b 
genereted upon epplcatbn of an kiput vahie such tbet nput vahies oi ascending order (Le., 0, 1, 2, 3} 
generate the output vaktes from the subset A ki escendkig order fix, 0, 3, 5, 6). In fike f eshbn, for each 

30 odd present stete vahie, en output vekie b genereted upon qipication of an kiput vakia, such that kiput 
vahtes ki escendkig order fte., 0, 1, 2, 3) generete output vakies from the subset B ki escendkig order Tlc, 
1. Z 4, 7). 

Whan the output vahta b generated by the encoder es defkted by the output took-up tabb of either 
Figure 10 or 12 (as caOed for by the specific appicatkm), the encoder goes to the next stau es defined by 
35 tha state transition or next-state bok-up ubta of F'vure 11 Although the form of the output taok-up tabb 
b dependent iqion the apecific appkcatnn (i.e., either AWGN or Raytaigh fadmg appBcatbns), the next-state 
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Iook^lp t*b of F^ure 13 do« Mt dipwd i|»on *» pwdonwMt eh««ri 
13 if mfM by ffflJiB up thi rww of tin noit itttB tible k osconding onhr ami the tail noxt ftate value 
tsplaeai Tliui. to the t«bh of Rguie 13, the f«t row h filod fron 0 to 3. the wort rw 
4 to 7. the tWr d row li fitod from 8 to 1 1. ind the fourth row i$ fied from 12 to 15. The entire pettem 
5 bthinrepeetedwIthoiMiiBdricetioKeechrowbcyeiclr^ 

the rwr betomoi the fist, end the other wluei retell their order but are Aifted to the 
Once al IB itotet hwe been nwd (Le, the neit few rows hate been filed), the pettem repeets again so 
that the last vshe B taken from the second set of four rows end is pieced in the first position while eeeh 
of the other vehies Is shifted e»er by one piece. This procedure is repeeted unti el of the present state 
10 value rows have bean definel Once the next itite look-up tabta has been defmed, the table can be 
anpiemented wftWn in encoder, es described ii more detel behiw, by meens of bok-up tebie read only 
memories (ROMsl, software, or other meens es ciM for by the penicular appficetion. 
IB SftB Cvcic Trrib Cnd« for Star DAM Skinsb In AW6H 

Figure 14 depku e one bvel partitioned 16 Star QAM signal constellation with natural mapping for 
15 AWGN appfcstions. Output and nest stite tibles to dafme e cyclic treis encoder for coding of a IB 
Star QAM signal in AW6N are depicted n Rguies 15 end 18. The tebb shown h Figure 15 pioaents the 
output yab» u a frnictien of the oiput emi the present sttte vakias. whia the teble shewn in Figure 18, 
presents the neit stete vehies es e fanctinn of the nput ami present stete vehies. 

ta accordance with the teechings of the present mventhm, a rate 3f4 cyeBc treBi encoder for 
20 encoding a 16 Star QAM signal in AWGN partitions the output vehies hto two sets, es represBitwI in the 
tabhi of Figure 15. As b wel known in the ert. a rete 3W trera encoder recehres 3 mput fines 
IcormspoMling to 8 possiile iiput vehies) emI genaretes outputs on four ines Icorrespondtag to 16 possibhi 
output vakies). For this partienlar ambodment of the present kwentton. It has bean fouml that e 16 stste 
encoder b advaittegeous. so thet then ere 16 pmsant stete vehies and 16 nert-stete vataes. As shown bi 
25 the teble of Figure 15. eech of the even present state vehies generetes an output vahie from the subset A 
lees Figure 14) upon the eppicetton of en hput vehe. Sirailerly. esch of the odd present stete vehies 
generetes en output vahie frem the subset B (figure 14) upon the eppGcetimi of en input vehn. Thus, in 
eccordence with natural mappmg, for eeeh even present state vekie. en even output vehie is gemireted upon 
eppEcetion of en biput vahia. such thst iiput vehnt m estendbig order fte, 0, 1. 2. 6. 7) generete even 
30 output vataes m ascending order fte. 0. 2. 4. .-.12. 14). bi ike feshimv for each odd present stete vehie. 
an odd output vekie is generated upon eppGcatkin el en biput vehie, such that biput vahms ei ascending order 
0.e., 0. 1, 2. B, 7) generete odd output vehies hi escendng order lie., 1. 3. 5. 13. 15). For exemple. 
if the trenu encoder is pre«ntly in sttte 7 IKnery 0111) emI en mput of 4 Ibhery 0100) is eppGed. the 
output vahie produced by the encoder wi be 9 Ibinerv 1001). 
35 1^ .Smf Cyclic TpiHiy Railo for 16 m *» 

Figure 16 depfcts e one level pertitioned 16 Stir QAM signal consteHatinn with Bray-coded mappmg 
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f r RayWok fwBng tppbitkmL Output and nntt-stiti tablu to dif im a cydc trilb mtMhr for coding 
of a 16 Star DAM sipiial in RayWnb fating are dipictad in Rgwas 17 and IB. Tha tabia dawn in Figura 
17 prtiants tha outpm valuat u i fnnctkm of lha input an^ 

In iccwdanca with tha taachings of tho pratant invantioa. a rata 3)4 cycic traBs ancodar for 
5 ancoding a 16 Star QAM signal in RayUgh fading partitiom tha output valuat into two tats, as rapratanted 
in tha table of Rgura 17. Each of thi avan prasant stata vak« ganoratas an output vahia from the subset 
A (saa Figura 17) upon tha appication of an biput vahia. Seniarly. aach of the odd prasant stata vahies 
ganaratas an output vabia from the subsat B (Figura 17| iqion tha appication of an biput vahia. Thus, bi 
accordance with 6ray-cadad mappkig, for neb avn prasant stata vaba, an output vaba from the subset 

10 A b generated upon appGcation of an mput vahie, such that biput vahias in ascendbig order (Le., 0, V 2. 

6. 7) generate output vahies from the subset A bi ascending order {Le^ 0, 3. 5, 8, B, 10, 12, 15). bi 
ike fuhion, for aach odd prasent state value, an output vahie from the subsat B is generated upon 
appication of an biput value, such that irqiut values \n ascanduig arder 6.0^ 0, 1, 2, ^ 6, 7) generate output 
vahias from tha subset B bi ascendbig ordv (u^ 1, 2, 4. 7, 6, 11, 13, 14). Thus, for example, if the trellis 

15 encoder b presently bi state 7 (bnary 0111) end an input of 4 (binary 0100) is appliei the output value 
productti by tha ancodar vdD be B (Unary 1000). 

The table of Figura IB raprasams the nut state of a 3f4 cycEc trelis ancodar as a functnn of the 
biput and present stata vahias. Ahhough tha output table lor the 16 Star QAM signal constellation encoder 
depends upon whathv the communication system is to be used *n an AWBN environmant or a Rayle'igh f adng 

20 anvbonment, tha form of tiie next-state look-up table does not change due to the pradombiant channd 
knpairment. As shown bi Figure IB, tiie naxt-stete vakia is partitnnad mto multiple sets. That b, the first 
eight next-state vabies (0-7) are assigned, ii order, to the f rst present state vahie, while the next eight 
naxt-stete vahias (B-15) va assigned, bi order, to the second present state vahie. The fbst e^ht next-stete 
vabtas era then assigned egan to tha thbd prasant stste vahie, but thb time not bi order from 0 to 7. 

2S Radier, the order b 7, a 1. 2, 3, 4, S, 6. Thus, tha thbd next-state row b ike the fbst next-state row, 
but cycBcly shifted to the right. Thb pettem b repeated between the fourth and second rows with tha 15 
hamg shifted bito the first position whle the 14 b shifted nto the t»t position of the row. Stated bi 
general form, every next-state row takes the last vahie from the row 'mmediately preceding the previous 
next-state row and places thb vebe in the frst position whQe shifting tiie other vetoes over by one position. 

30 Thb procedure b repeated unti eo entbe next-state table b dafhed. Generally, the cycic treOb codes of 
the present nvention do not have a feed-forward or feed-back riiift regbter bnpbmentation. However, as 
b wei known bi the art, an encoder defined by tiie tabhs n Figures 15 or 17, and 18 may ha bnplemented 
u e bokmp table, or some other biput/output stete machbie circuit. 

Cvcft Trtiiff CgfTO fv Any Swnpi Ctnmlhtipn 

35 Specific exemples dete&ig tiia method of cycic treis codbig the B-PSK signal constellation and 

the 16 Ster QAM signal consteBetion have hnn descriiad ebove. The foOowuig description sets fordi the 
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gemral imthod Bsad for cycle trels encodino dati mamiad into any aignal constetatioiu As dataihd m the 
•xampbs aboH, tha form of the output bok-up taUa for any cyclic tralBs coded signal constaBation varies 
depandiq upon tha predominant channel inpdnnent Thus, if AWGN is the prnlominant impatrment, then 
natural coding of the signal eonstriatin wl ha used to determine the output boliHip tebis, whie if ReyleiDh 

5 fadng is the pradomtnant ai^ainnant then Gray ceding of the signel conttlation wl be used to determine 
the output bolc-up teble. The form of tha neit-stete look-up table does not vary with the predominant 
channel invnirmem so that the form of the next-state bok-up tabb wi be the same for either appScatbn. 

Bivan a cycBc trefs encoder whkh receives n hput biu at a tana and encodes these into ni^l 
output bhs at a tine, there ere T possibb nput vahns and r*^ possibb output vakies. Furthw, the number 

10 of states of the trslBs encoder cen be generally expressul es ? states, where k can be eny positive integer. 
Thus, according to thb formubtbn, a cycBc treis encoder can be represented by tebbs (ike those described 
above for 8-PSK end IB Star QAM signal constelatbns) hevbg T input vabee, 7*^ output vAes, and 2* 
present stete and nezt-stete velues. Therefore, the output tebta end the next state tabb have t rows end 
7 cotamns. 

15 The first step m defkdng e generabed encoder output tabb b to partition the set of T*^ output 

values nto two sets. The ebments n eech set w9 depend upon whether tiie tabb b defined for AlVGN 
applicetions or Raybigh f eibig appEcations. The foQowbg description is witfi reference to AWGN appycattons 
where netural mappmg of tiie signal constalbtion b empbyed. A brbf descriptbn of the generalized method 
of defmaig ttie output bok-up tabb for RoYbigh fedhig eppkatbns b provided after tte detaitad description 

20 of the method of ibfmbg tfie output bok-up tebb for AWGN eppicetbns. 

For AWGN appGcatbns. the signel constebtion b mopped accoriGng to natural mappmg. Once the 
signal constelbtion has hew pertitbned, ta corqnnction witti netural mapping of the consteBation, the first 
subset contams al of tiie even output vabes and tiie second subset conteins aD of the odd output vehies. 
The first set b then ptaced b ascending ordr fiA, 0, 2, 4, ^, r-'-2) m el of tiie even present state 

25 rows. The second sat b pbced b escending order Oe^ 1, 3, 5, 2**'-3, r*'-1) h al of tiie odd present 
state rows. Such e genersGzed output tebb b represented b Hgure IB. The output tebb shown b Figure 
19 may, for exampb, be anpbmented withm e cycic trolls encoder by means of e ROM bok-up tebb, or 
a software bok-up tebb. es wiD be described b greeter detea bebw widi reference to Figure 21. 

H die output bok-up tabb is to be defined for ReyWgh f eding eppicetions, tiien the signal 

30 constdatbn b Gray coded. The signel constebtion is tiien pertitioned bto two symraetrbel subsets, A end 

B. The ebments of the output tebta for even present states are tiiose from subset A b ascendmg order, ^ 
while the ebnmts of the output tabb for the odd present stetes sre titose from the subset B m ascendng 
order. 

The form of the stete trensition tabb b tiis same for eitiior AWGN qiplbations or Raybigh fading 
35 appBcatbns. Defming e stete transhbn, or next-stete tebb bvohres partitioning tiie set of 2^ present stete 
vahtes bto m present stete sets, where m equab ?C Mm m-?*, whbh b tiie retb between the number 
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^ of stitas and tht numbar of Input vitaasL For tht pmaat aiampb, only tha casa whara m b graatar than 
or aqual to one is aiplaioai Thas, tfai fast praunt itata sat, contains tha prasant atata vahias {0, m, 
2m, ^ (?-1)m}* tlN ucond prasant ttata sal Sp cantains thi prasant atata valitas (1, m*i-1, 2m<«'1, ^ 
(7-1)ro-*-1}. and aa on until the Isat aat wMcb contains tha present state vataas {m-l, 2m*1, ^ 
5 (2*-1)m4*nh1}. For ansa of lustration, Figuru 20A-20C iustrate state transition tables for tech of the sots 
S^,. It shouU ho tnderstool however, thet the auta transition tables dapictad h Figures 2QA 20C couU 
be combined into one single atete transitioo tabh, such u raprasantad in Fipuras 1 0 and 15. which may be 
implBmentad witkm a cycDc traEa ancodar by meens af a software reaiized bok-up table, s ROM hiok up 
table, or other input! output stete circuitry. 

10 hi the taUe depicted hi Figure 20A, the rows of tha itste transition table correspond to the present 

state vahies in the first present state set $«. bi the first row (Le^ the row corraspondmg to the present 
stete 0), the first 2" next-state vahias are assigned in ascending order from 0 to 7-1. hi the second row 
of the table of Figure 20A fta^ tha row corrasponding to the prasant state vahta m), tha same next-state 
vabes ere assigned for each input vahja. However, ni row m, a cyclic shift has baen performed so that the 

IS last vabe from row 0 is placed in the first pasition of row m, whOe each of the ramaining vdues are then 
ptaced n ascendng order, from 0 to 2**2, for the romainder of row m. Another shift n performed for the 
next row in Fqura 20A Tta., the row correspondng to the prasant state vabe 2sn). so that the next-state 
vahias bi tha row 2m are 7*2, T-l, d 1, 2*-l h this mannw a cycBc shift b performed every row 
of Fqure 20A Cte^ amy mth present stete vakie) until the last present state vahie m tiie set So is reached. 

20 A simlsr procedure is used to define the tabin of Figures 20B and 20C. to the teble depicted n 

Figure 20B, the rows of the state transition table correspond to the present stete vahies n the second 
present stete set S,. hi the first row Ce^ tiie row corresponding to the present stete 1), the second 2' 
next-state vahies ere esstgned in ascand'ng order from 2" to 2**'-1. bi the SKond row of the table of Figure 
20B (Le^ the row corresponding to the present state vshia ni* U the seme next-state values are assigned 

25 for each input vahie. However, m row m-f 1, e cycle shift hu been performed so thet the last value from 
row 1 is placed n the first position of row m-^l, whie eech of the remammg values are then placed in 
ascending order, from T to 2** '-2, for the remaxider of row m-^^. Another shift is performed for the next 
row in Figure 20B (lm^ tha row corresponifing to the present state value 2m^1|, so that the next-state 
vahies to the row 2m*1 are r'-2. 2*. 7*M, r*^2„ T*^-! bi this manner a cycDc shift b 

30 performed every row of Figure 20B (im^ every mth present state vehie) until the last presem state vahie in 
tiie set S, is reached. 

Figure 20C depicts a table which generally dafaias die state trensitions for the ith sat of present 
state vakieSt bi tha first row Ce., the row corresponding to the present state Q, the i-f 1th 2" next-state 
vabes are assignad at ascending ordw from 7*^^ to 7*'-1. bi tiie second row of the table of Figure 20C 
35 (Le^ the row corresponding to the present stete vebe m ••-{L the seme next-state vahies are essigned for each 
mput vebe. However, b row m-^i e cyclic shift has been performed so that tha last vabe from row i is 
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placed In tht fnt posMon of nw m+l wMi ueh ol tto rtmaWno »*« m than placsd h ascendino 
ardar. ham 2^' to 2^'-Z for tha ramaindar of row m+L Anothar thlft it periormad far tha naxt row h 
Fionro 20C Qj, tha row corrKpondinB to tha prtwrt itatt vataa 2m*i), so that tha naxt-at^ 
the row 2m*l are 2'-'.2, 2^' l. 2"*'. 2-'*l. T-**!^ T^-i. h this mnner a cyclic ehift ia periormad 
5 every row of Figure 20C Qa. every mth preiem itete nlua) mti the last preaent atate vahie In the set ^ 
it reached. 

The foregoino description of the construction of the state traniHian taUet of Figures 2IM^^ 
aiiumad that tha ratio betwean the number of stete vahm of the encoder and the number of input vakm 
of tha encoder is greater than or equal to one Ba. m> -1). H. howaw, there are more posiibia input 
10 VBhies than encoder stitas. the f olewing precedura should be followed to eycBdy trais encode the ncoming 
data signal 

The first present state row is filled by piecing the next-stote vehies in sscending order beginmng 
et tha first biput vatoe cohimn unti el of the naxt stite f alues have been placed. Shce there are mora nput 
values than naxt-state vahies. the nert-state vahies wH not « the entire first row. Thus, tha next-state 

15 vahies era egah placed in the first row in ascending order. Thb process b repeeted until ths entire first 
rowafihd. Because the number of eext-state end input values can mdy be e power of two, the entire set 
of next-state vetoes wi fit an even aamfaer of times into the first rmw of the sttte treniition table so that 
there b no spO over iiito the next row. Once the fost row has been rdled, tha second row is defmed by 
performing a cyclic shift of the first row. The third row is defined by performing e eycBc shrft on the 

20 second row, etc until al of the rows have been filled within the state transition look-up table. 

According to tha above procedure, en entire next-state table is eonttructsd which defines every 
next-state vihie es a function of tha input vaba end the present stete vehie. According to thb method the 
constructed encoder output and next-state tables are generel enough to be appBsd to any signal constellation. 
As Bidicated above, the codas genereted by the ebove-described method of cyclic tralla coding have been 

25 found not to have a feed-f orwerd or feed-back shift tegbter enpleraantetion. The teUes mey be implemented 
withm e cyeic convototional encoder es look-up tabbs, es described in deteO below. 
Pninertiet nf Cw Bc Treis Codes 

It win be epprodated by those of ordnary skil in the art that signab coded according to the 
Bbave-described techwque have eartein advantegeous properties which provide for optimel or neer optimal 

30 dbcrinmation amongst eignab output from tiie cycSc treiis encodv 810. 

For instance, troEs state wansition structurw wl have the minimum number of two brench patiis 
for state trensitions wheh orto'eute out of one state end merge beck into tiw aama etete. For eiunple. tfie 
16 Star QAM signal which b cyclic traTii encoded wl hove only four state transitnn paths which origmate 
from tha state zero and merge back imo tiie state are withia two transitions (La, the patin from state 0 

35 to sttte 0 end agabi to state 0: 0 to 2 beck to 0; 0 to 4 beck to 0; oral 0 to B back to 0). 

Anothar edvantageous property of cycle trellb codes b that auch codes provide mexiiiel or near 
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nuudciMi ipacino bttumtn outputi on ttati tmsition paths whicb wipnate from ona atata and marge into 
tba lama stata. 

Aa adAional adfantanaooi property of cyeie trals codas is that soch codas can be constructod 
in a vary short pariod of Una for signal cbnstalatians of nrtualy any form. Typicaly, a cycb treBs code 
5 can be constructed in a matter of minutes for most signal constalatioas whh conventional simulation 
techniques for generating trellis cades take weeks or months by means of iterathre computer aaarches. Thus, 
the qrcfc trefs encoding technh|ue of the prasm immtioA offers many significant advantages over the prior 
systems and methods which genmta or emphry treis codes. 
The Cvcic Trellis Encoder 

ID Hgare 21 is e scbemetic btack dagram which shews the meia striictursl ohments of the gwieral 

cyclic treis encoder 810 constructed in eccordance with the teachings of the preswit invention. The encoder 
810 inchides s state transitton bok-up table 1500, which may, for eiample, be fabricated from s ROM C 
chip, or reeCzed in software or other nputfoutput state machine circuitrY. A next stste output of the state 
transition bok up tabb 1500 connects to o memory etament 1510 via a Sne 1505. The memory ^ment 

15 1510 may, ai one emboAnent be ai^bmentad as s wmoz of D-fGp fbps. The output of the mnnory 
etament 1510 connects to e present state aiput of the stete transrtbn bok-up ttbb 1500 via a ine 1515 
and to a present state input of en output bok-up tebb 1520 vb e fne 1525. The output bok-up tabb 1520 
connects to e signel mappbg bok-up tabb 1530 vb a bie 1535. The stete transition bok-up table 1500 
and the output bok^p tabb 1520 recehre n-bit input symbols vb ines 1540, 1545, respectively, whib the 

20 output of the sgnal raappmg bok-op tebb 1530 serves es the n^ 1-bit output of the cyclic trellis encode 
810, 

In operation, the n4irt mput symbol enters the stete transitton bok-up tabb 1500. In edditbn. the 
k-btt present stste of the encofbr, which it suppled by the memory ebment 1510, is appfiad to the present 
state input of the state transitbn bok-up tabb 1500. Given the k-bit present state and the n-bit input 

25 signel the stete transitbn tebb 1500 outputs a next-state vakie over the faie 1505. The stete trenahbn 
bok-up tabb 1500 b imptamented so thet the next-stete vatae generated by the state trsnsitbn bok-up tabb 
imo n (btemuned b eccordence with the next-state tabbs of Figures 20A-20C. 

The next-state vahia enters the memory ebment 1510 where the next-stete value b stored for one 
input cycb. Thet b, upon epp&catbn of the next n-bit kiput signal the next-state value whbh was appBed 

30 to the mput of the mnnory ebmmt 1510 is passed to the output of the memory ebment 1510. Thus, the 
output of the memory element 1510 corresponds to the present state of the trelis encoder 810. 

The present stete vakie at the output of the nmory ebment 1510 b appiad to the inputs of both 
the state transitbn bok-up tabb 1500 and the encoder output bok-up tabb 1520. The output bok-up tebb 
1520 recebes the present stste bput vb the ine 1525 and the input symbol vb the ine 1545, and 

35 generates en encoded n^l-bit mtput symbol For eppHcations b AWGN, the output tabb 1520 is 
anpbmanted so that the output vabe generatad by the output bok-up tabb 1520 b dstemuned b accordance 
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whh thi output tabli of Fvi» 19. For ippicitions h RayWgh fidina. tho output tobta wl bo dotonnimd 
by tbe particular ligiial constoDitioi nd tho wal known mothed of 6ro)f codias. 

Tliaoatpot^obioii than opphd to tho signal lapping took^ftaMa 1530 Tl>« 

figiial mappiio lookHip triria 1530 asilBn» oach of tha r' posilhb ort^ 
5 poirttigiial eonatalation maecoTdonco with nrtuwl or Gray wda»^^ 

(lYflte TirfB Dacadar 

Ai wiB bo approclated by ana of onBnafY iki h tba art a datodar (a*, tho dacodar 870 of ngura 
8) for daeodiog data oncadad by maans of tha abava described ancodar may be aasiy raaBiid as o Vitorbi 
decoder. Conwntional VHarbl decoders decode tlio receiwd data stream in accordanco with tha soft decision 
10 Vitarbi decoding methods described, giaen the fonn of the output took-up table 1520. tha state transitien 
took-up table 1500, the signal mapping knk-up table 1530. 

Briefly, the trellis decoder 870 aichides a memory ciremt which contains infoimsttan from the stote 
transhipn tabte 1500 concaminB tha treBs branches He, the state transition paths) which merge into and 
out of each state. Tho dacadar 870 also mckidis a memory drcuit which contans aifonnatton from tha 
15 output hiok-up 1520 table eoncemktg the Pnput. outputl symbol pair assodatad with eech trelDs branch. 
Tha decoder 870 further hichides a circuit for calculating tha decoding metrics which are the Euddean 
disunees between tha received s«nals and the output signals associated with tha traEs branches, as well 
as a comparator circuH for sotoctaig tha most ikely path u ealculatad from tha decoding metrics. Of course, 
it should be uaderstood that each of these drcuhi eouW be anploniantad >i softworo. 
20 Before decoding, the roceiwd signal is contorted to a digital phase and amplitude vehie which b 

fed hto tha decoder 870. The decoder 870 than datermhes the decoding metric associated whh each state 
vehn es datormimnl by the state transition emi output took up tabh. memory dreuits. Thb procoM b 
repeated for meny symbeb. end the corresponding metrics for each state ere accumulated. A comparis«n 
b made emongtt al of the poisibb stetas as descrbtd ebo«e in the section enthhd -Maximum Ukelihaod 
25 Vitarbi Decodino.- Finally the most likely peth or sequence of symbob b output by the decoder 870. 
Criitnittmnhic Codes 

It win bo apprecbtod by those skibd « the ert that eartoki kiek-up table oncader taphmantations 
may msuh in catastrophic codes. In cetastrophic codes, a finite sequem» of errors b the racenred signel 
sequence may result h. an IndeTaiite sequence of decodbg errors, dm sign thot e code cauM nisah in a 

30 catastrephic encoder knpbmentetion b thet k. o neit^stete tebb, a v«m state transitions into the same 
neit state wHb e gim output, whita zmtbar piassnt statt transitions into tha same nest stote (Le, stays 
a. the same state) with the same given autpuL Take, for osempb. tha steto transition tabte of Figure 13. 
When the encoder b b the stote 0 and e zero bpot b appBad to tha encoder, the encoder trensHbns back 
to tha state 0 with an output of wo. Sknibrty. when tha ancodei b b the present stote 10 and a zero 

35 biput b appGad to the encoder, the encoder transittens back to the stete 10 with an output of wo. Thus, 
it b possiUe that such e took-up tebb inpbmentetton of the encoder wouU cause the encoder to be 
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catastrophic. 

In ordir to avoid catutrophic codas, i sim^ modification may ba mads to tha atata transition 
look-up tahh. For aiampla, tha tabia of Rgura 13 couU bi modifisd as dapictad in tha table of Figure 22. 
As shown in Fqura 22. the naxt state vahias for prasam atata rows 10 ai^ 
5 upon appbatiott of a laro input tha prtsant atata 10 transitions into tha nait stata 8. bi this mannar 
catastrophic codas may ba avoided with fttia or no significant degradstion of arror parformanca. 

Whia various ambodimants of thi systtm and matbod of tha prasant 
it ahouU ba undarstood that thasa amboiGmams have bean presented by wey of axampb only, and are not 
bitended to imit tha scope of the present invention. Thus, tha breadth and scope of the present hvention 
10 should be defined only b accordsnce wHh the foOowmg claims and their aquhralents. 
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I CLAIM: 

1. A mthod of foiwwd irror corrtttion coding for a data signal mappad according to a giwm 
signal eonstelatton* ssd mathod comprismg tha stops oh 

dafining a family of convotational codas, said faniay of convobtional codas b«ng 
charsctarizad in that said faniy of codas ora not capabia of boing genarated by means of a 
faed-f orward ar f aodteck shift ragittar implBmantation, 8«l stop of daf iiring furthar comprising tta 
steps of: 

Oftabishng a naxt-stata vahte corresponding to each presont*statermpiit valu8 

pair; 

astabishmg an output valua corresponding to each present-statefmput-value pair; 

receiving an input data symbol corresponding to an input vahie; 

providing an output value in response to the reception of said input value, wherein said 
output vahie is detorminad by said input valua and said present-state value, and said present state 
value is detenm«i by the previous next state vabm; 

gmrating an output data symbol wheroB said output symbol is determined by said output 

value; and 

encoding e data signal to correspond to said output symbol as datwmined by a signal 
mapping schame. 

2. A method of error coding as defined in Claim 1. wherein a data sequence is to be mappad 
according to a predetermaied modulation scheme havinp an associated signal constelatton. said signal 
constelation hav'ng defined coordinate points correspoadlng to phase and ampntude characteristics 
correspomEng to output symbols from said encoder, end wherein: 

seU step of estabbhing an output vahie comprises defeiing an output table of output 
symbols, said output table having present stste rows end input symbol cohmms, wherein saU output 
aymbols are detemnned as a function of symbols input to saU encoder and e preswit stste of said 
encoder, defining said output tabb further compriring the steps of: 

asstgnmg each of said output syrhbols to said points of said signal consteDation; 
parttlionmg said points of said signal constatotton into a first subset of output 
symbols and a second subset of output symbols; 

loading even ones of ssid pressit state rows with output symbols from sstd first 

subset' end 

loeding odd ones of said present stste rows with output symbols from seid 
second subset; and wherein 

said step of estebhhing a next-stete vehie comprises definmg e next-state table of next 
states for ssid encoder, said next-state table hawng present sute rows end input symbol columns, 
wherein the next states are defined es a function of symbols input to said wcodar end a present 
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stati •! uid Mcodir. drfMng said ntxt-stita bok-up tabia f urthar com|irising the itaps oh 

loaAig first anas af laid pmam stata rows with naxt statas of said ancodar 
untfl at laast ima of said first prasant stata rows b ful and aB of said oaxt stata vabas 
hava baan osat and 

5 bading otbar onas of said prasant stata raws with nait statas that ara qrcidy 

sMftad from said naxt statas b asck of said firrt onas of said prasant state rows anti 
al of said prasant stits rows ara fHad; and wbarah 

aaid stap of providng an autput vahia camprisas impbnianting said output and nnt-stata 
tabbs within said ancodar so that output sjrmbob from said ancoder ara detarminad hy input 
1 0 symbob to uid oncodsr and tba present stite of s«d nicoder b accordance with said output tabta, 

and transitions from the present state of ssid encoder to the next state of said encoder ere 
performed n accordance with said next-state tabta; and wherab 

said step of encotfing i data signal comprises mappmg said output symbob bto stgnab 
having phase and ampBtuda characteristbs corraspondino to pobts on said signal consteDatnn. 
15 1 A method of error encoding u defined b Chiro 1, wherab uid input data signal b to be 

mapped eccordmg to a predetermined modubtion scheme havbg an assocbted signal constaletbn, said signal 
constebtbn havbg defined coordinate points correspondbg to phase and ampBtude characteristics of output 
symbob from an encoder, uid encoder receiviRg n inputs, corresponding to T possbb mput values, and 
outputtmg n**-! outputs corresponding to 2*"^^ possibta output valoes, uid encoder further having t possbb 
20 states, end whwein: 

said step of estabishng in output vabe comprises dsfbing en output tabb hivbg t 
preunt state rows and 7 input symbol cobmns, whareb output symbob from said encoder are 
datarmbed as a function of input symbob to said ucodar end e praunt state of uid encoder, 
definbg aaid output tibb furthw comprising the st^s of: 
25 usigning vshu to uid pobts of said signal consteBatbn, uid values 

corresponiGng to said output synibob; 

partitioning uid signsi constelatton mto a first subut of 7 output symbob and 
a second subset of T output symbob; 

baibig even ones of uid preunt state rows with vahtes correspontfingto output 
30 symbob from said first subset; and 

bafirqi odd ones of uid present stete rows with vahies correspondbg to output 
symbob from uid second subut; ind wharsm 

uid step of astabSshing a uxt stite vahte comprins defining e next-state tabb of i 
phiraity of next states, sab next-stite tabb havbg t prasant state rows and T bput symbol 
35 cotamnt wherab the next stete of uid encoder b determined u i function of the bput symbob 

to uid encoder end the present state of said ancoder, defining ssid naxt-state tabb further 
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nmpinqi tha mps of: 

dwttno Slid BBt tt«« Wo 2^ Mibiw wtarrtn «h subset hw 2" Mrt 1^ 

•nd 

bwrng i fist om of uid pnssnt stw rows with mxt states from a first one 
5 of said subsets, a second ana of sold proseiit ettto rows whh tbo next states from a 

second one of sold subsets, end continuing this bodbq unti the present state row 
b loaded with the next stotes from the one of said sidisets: end wheroin 

ttid step of prowdino en outpvt vahio conpritos imphmentino said output and next-state 
tobies within »ld encoder so that output symbob froni soid encoder ere deterndned M 0 fonet^^ 
10 of nputsymbob to said encoder end the present stete of soid encoder beccordonce with 

output tobta, ond transitions from the present stote of sab encoder to the next stota of said 
•ncodar ere n oecordonce with said naxt^stote tabte and whereb 

said step of eneodtag s dots s'vnal coraprbes mapping soid output symbob from nid 
encoder bto signab havng phase and ampituds eharaeterbtics eorresponding to respocthre output 

15 symbol pobts on said signal consteflatbn. 

4. A data encoder for OSS bdattcoromunbotbnoppfcatbns, wherein a pbirolity of input 

doto vohies ere trellis encoded to form output data, said data encoder compriang: 
on bput' 

en encoder circuit coupbd to sold bput, said encoder eircuK hsvtag 0 phirolity of present 
20 ototos. ond rosponsiw to said phralty ef bput data vabos on said bput to transHbn to o next 

stoto, the next states corrospondmg to each bput being cycfcly shifted for different ones of seid 
present states: and 

an output coupbd to said encoder circuit, saM output responsivB to seid encoder circuh 
to gBMrats output data. 

25 5. A method of cyclic treOb encoding e data ssqoence witbn sn era»dar. whereb soid deta 

<M|iieffl» b to be mopped occordbg to e predotamonid modutatba scheme havbg an assocbtod sigmit 
consteBotbn. soid signal constoflatba hamg defined coordboto pobu conosponding to phase end ompStude 
ehiracterbtbs correspondbg to output symboU from said encoder, said method comprismg the stops of: 
defining on output tabh of output symbob. seid output tabb hawing present stote rows 

30 ond mput symbol columns, whereb said output symbob ore dotermbed es e function of syntbob 

bput to said encoder ond o present sttte of said encoder, defbbg sold output tabb further 

comprbbg the steps of: 

assigning oadi of soid output symbob to uid pobts of Mid signal constoDattan: 

partitbnng said pobts of ssid signal cwistolhtton bto a first subset of output 
35 symbob and e second subset of outpat syndiob; 

bedbg even ones of said present state rows whh output symbob from soid first 
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sttbsn; tnd 

biiEng odd oiwi of nid prasint sttto raws wUi output symbob from satd 
stcond ttbnt; 

dofining a imt-ttito tabb «f noxt statas for said ancodar. laid nait*stata tabb having 
5 pratant itata rowa and input aymbol cokmnt wharain tha nait statas an dofmed as a functbn 

of symbob biput to uid oneodar and a prasant stata of said aocodor, dafnino sttd next-state 
bok-op tabb further comprising tha steps of: 

bating Fast ones of said prasant stata rows with next states of said encoder 
untB at bast one of said first present stste rows b fuO end al af said next stau values 
10 have been md; and 

bading other ones of aid presmt state rows with next statas thet are cycGcly 
shifted from said next ^atas in each of uid first onss of said present state rows onti 
al of said present stste rows ere fled: 

imptanenting seid output and next-state tebbs within said encoder so that output symbob 
15 from said encoder are detvminad by biput symbob te said encodr end the ivesent stete of said 

encoder in eccordence with said output tabb« end trensitions from tha present state of satd encoder 
to the next stete of said encoder ere perfomied n accordance with uid next-stete tabb; end 

mapping said output symbob into sqneb having |duse end ampGtude chsrecteristics 
correspondmg to pobits on setd signal consteBation. 
20 B. A method u def bed n Claim 5, wheint said coordineta ponts of said signel constehtion 

are assigned output symbob acconbig to natural mapping techniques when the predominant channel 
bterference b Additive White Gausson Nobe. 

7. A method as def end n Cbim 5, wherni seid coordinete points of said signal constelation 
are assigned to output symbob sccording to Gray coding techniques when the predonnnant chennel 

25 bitarference b Reybigh fading. 

8. A method of cycGc trails wicodkig an input date sequence whh en encoder, wherein said 
Biput data sequmce b to be mapped eccording to e predetermined moduhtbn scheme having an assocbted 
ngnal consteletion, aaid aignai constebtion havng daTeied coonfinete points correspondmg to phase end 
amplitude characteristics of output symbob from said encoder, said encoder racehring n mputs, corresponding 

30 to ? possibb input vekies, and outputtatg n^-l outputs corresponding to 2**^ possbb output velues, uid 
encoder further heving 2^ possibb states, uid method comprisng the steps of: 

definmg an output tabb having t present sute rows and 2* input symbol columns, 
wherem output symbob from seid encoder are deterauned as a function of mput symbob to uid 
encoder end e prtunt stste of said encoder, defiamg said output tabb further comprising the steps 
35 of: 

assigning vakias to uid points of uid signal consteDatbn, said vabes 
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coirasponding to said tutput symbols; 

partitioning said signal coostaDMion ints 8 rnt sttbsBt of 2* outpm symb 

a saeaad subsst of 2* autpnt symbols: 

Indini ovan onos d sold pnsom stflto nnm with vaiuai eorrasponding to outptit 

5 symbols from sold first subnt; nd 

loading odd Olios of sold prosontstoto mws with valuos carrssponding to output 

symbols from said sacond subsM; 

darning a wit-stata tabia of a pluwOty af nait statas, said naxt-stata tabia having t 
presant suta rows snd 2" hput symbol eohimns, whoroin ths nart stata of said ancodar is 
10 dataiminad as a function of tha input syrtbols to uid oncodar and tlis presont state of said 

eneodor, dofming said nsxt stato tabis further eompriiing tho stops of: 

dividing said nert states into ?* subset! wboroin ooch subset has 2* nait states; 

ond 

toodbig a first one of stf prssont stata rows with next states from a first one 
^5 of said subnts, a second one of soid present state rows with the neit states from s 

second one of said subsets, and eontinoing tiiis losding until the 2^h presant state row 
b haded with the neit states from tha 2^h one of said subiat!; 
implemont'ng ssid output end noit-state tables within said encoder so that output symbols 
from said encoder are detenninad at a fuw:tion of nput symbols to said encoder and the present 
20 jtate of said encoder in accordance with said output table, and transitioni from the present state 

of said encoder to the neit stata of said encoder are ■ accordance with aid nert state table; and 
nappim uid output symbols from uid encoder into signab having phan and ampBtude 
characterbtics corresponding to respactivB output symbol points on seid signal constalation. 

9. A method u doruied m Cbim B. wherein uid coordinate po'mts of saU signal constellation 
25 are an'igned output symhob eccording to neturel mapping techniques when the predominant channel 

interference b Additive White Gaussian None. 

10. A method MdofhedhCbm a. wherein said coordinate points of said signal eonstallation 

are assigned output symbob according to Gray ceding teehniquBS whan the predominant channsi interference 
b RayWgh faiBng. 

30 ,11. A trdb encoder which treiSs encodes input dots signab, whsren said input data signab 

are mapped eccording to e modubtbn scheme such thot o signal constoBstion def med by uid modulation 
scheme eerniot bo at partitionad aicb that uch tavsl of at partitioning rosuits in s substontially im:raaad 

nrininnm Eucbdean distance between points of s^ signal constelstion. 

11 A tronsmitter for a tralib.eoded.niuHi*velnoduhtton communication system comprfaing: 

35 a cydc trsis encoder which receivu o sequenu of dsts input symbob and ootputt a 

aqnnce of encoded output syndiob, said cydc trait encoder having e set of present states 
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parthimd into subsets, said tncodtr coniprisinQ: 

a stats transttkm tabis containing a phirafty of nait state vatues for said 
encoder, wherrin the next state f alun ere defned bassM upon the present stete of said 
encoder and the input symbol wherein said next state values are asstpned to each of sehl 
5 present state subnts such that the next state values for eny present stete subset ere 

shifted cycfchf for successhre members of said any present state subset* 

a present state memory element which connects to said state transition look-up 
toUa and which temporeriy stores e next steu vebe output by said state transition 
bok-up taUa; and 

an encoder output took-up table connected to said present stete memory element 
which selects an output symbol based upon ukl present state of said encoder and said 
presently received one of said input synAob, end wherein ssid present states are 
partitioned into two subsets and the outputs are partitioned into two subsets so that seid 
output kiok-up table outputs a symbol vvhidi bebnos to e frst output subset when in one 
of saki present state subsets end outputs e symbol which bebngs to e second output 
subset when in the other of uul prennt stete subsets; 

a sipnal mapper which connects to said output taok-up table, and which maps outputs of 
saU encoder output bok-up tabb into encoded output signab from two symmetric sqnai 
coRstdations; and 

a transmitter circuit for transmrttxtg sad mcoibd output signab over a communications 

medbm. 

13. The transmitter of Cban 12, whersn said signal mapper maps according to Gray coding 
technkpies. 

14. The transmitter of Cbkn 12, whereai saU signal mapper maps accordng to natural 
mappmg tnhnk|uesL 

15. A recmver for a trdis-coded muhi-bvel modulatbn conununicetbn system comprisbp: 
e treSs decoder which recehres a baseband signal, said trelSs decoder comprising: 

means for recoristructbg e trelBs structure defined by e state transition look-up 
tabb wherein e set of present states b partitioned into subsets heviYg successive 
membersw and next state vabes essigned to each of said present state subsets ere shifted 
cycGcly for successive members of seki present state subset; 

meens for determinmg nput end output symbob essocbted with branches of seid 
trelis structure es defned by an encoder output bok-up tebb wherein saki present states 
ere partitioned bto two subsets and the outputs are partitioned nto two subsets so that 
said output bok-up tabb outputs a symbol whbh bebngs to a first output subset when 
b one of said present stete subsets end outputs a symbol whbh bebngs to a second 



WO«i/17439 PCT/US95/15388 

•31- 

output subsit when in the other of said present state sidisets; 

a cakulatioB circuit which determines the EocBdean dstances between points on 
a phase/aDvitude coordinate system eorrtsponding to the recehred signab and pointt of 
a phasaf ampEtude signal cmisteDatioo correspondmg to signab associated with branches 
5 on sttd treis structure; and 

comparator and selector circuits for selecting the most SIcely path of the recehred 
signal on said trait structure on the basis of said determined Euclidean distances. 

16. A method of encoding signals mapped according to any signal constellation format 
comprising the steps of: 

10 dividing the signal constellation pointo into two symmetrical sets of symbol points; and 

cycic treEs encoding data to be mapped according to said stgnal constellation. 

17. A data encoder comprising: 
a cycGc trelb encoder; and 

I transmitter coopled to said cycte treffis encoder. 
15 18. A treis encoder that may be inplemBntBd as a state machine or a took-op table memory 

or in software, but which cannot be implemented as a shift register. 

19. The trelfis encoder of Claim 18, wherein said treis encoder cannot be implemented as a 

feed-forward shift registv. 

20. The treDis encoder of Claim IB, wherein said trellts encoder cannot be implemented as a 

20 feed-back shift register. 

21. A trellis encoder which can be adapted to treDis mcode data to be mapped for sqnal 
constelations which can be set partittaned such that each hvel of set partittonaig results in substantially 
increased minimum Eucidean distance between points of said signal consteUation. and which can also be 
adapted to treis encode data to be mapped for signal constellations which cannot be set partitioned such 

25 that each bvel of set partitioning residtt in substentially increased ndnmium Euclidean Astance between 
points of said signal constelatbn. 

22. A method of treis encoding which b eppHcebta to al signal consteaations hav'ng an even 
number of constelation points and wherein all the paths merging out of a state and into the same state are 
defined so as to provide maiimal or near maximal spacing between outputs on said state transition paths 

30 for signal constellations setacted from the group consisting of 8 l*SK. IB Star QAM, 16 QAM end 16 PSK. 

23. A method as defined in Cbim 22 where'n aO the paths merging out of a state and iito 
the same state are defined so as to provide max'enal or near maximal spacing between outputs on ssid state 
transition paths for all signal consteBations having an even number of consteBation points. 

24. A state machine encoder with fmited state transition paths wherein said state transhton 
35 paths are defined to provide the nunamim lumber of two branch state transition paths out of afl possibb 

state transition paths betwe«i the uma state. 
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25. A stite machine tncodsr with faittd statt transition paths, said paths defined by a next 
state table hiving a series of rows and cohmms, the contents of said rows and columns formed by a 
sequence of consacuthre integers, uid teUe bichiAig two rows wherein each row contams the identical 
integers end wherein the last integer in one of said rows ii the first integer in the other row, whie the 
S sequence of integers in each of said rows is otherwise aiaintainad. 
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